Stem cells are essential for tissue generation during the development of multicellular creatures, and for tissue homeostasis in adults. The great therapeutic promise of stem cells makes understanding their regulation a high priority. PUF RNA-binding proteins have a conserved role in promoting self-renewal of germline stem cells. Here we use a genome-wide approach to identify putative target mRNAs for the Caenorhabditis elegans PUF protein known as FBF. We find that putative FBF targets represent ∼7% of all proteincoding genes in C. elegans, implicating FBF as a broad-spectrum gene regulator. These putative FBF targets are enriched for regulators of meiotic entry and other components of the meiotic program as well as regulators of key developmental pathways. We suggest that these targets may be critical for FBF's role in stem cell maintenance. Comparison of likely FBF target mRNAs with putative PUF target mRNAs from Drosophila and humans reveals 40 shared targets, including several established stem cell regulators. We speculate that shared PUF targets represent part of a broadly used module of stem cell control.
germline stem cell | PUF | RIP-Chip | totipotency S tem cells govern tissue generation during metazoan development, and tissue maintenance during adulthood. A driving force behind stem cell research is the identification of broadly conserved regulatory mechanisms that may facilitate development of therapies to ease human disease. Several major stem cell regulators control gene expression. Best known are the transcription factors Oct4, Sox2, and Nanog, which head a transcriptional network to regulate pluripotency in human embryonic stem (ES) cells (1) . In addition, regulators that act posttranscriptionally to govern mRNA translation or stability have also emerged as key stem cell regulators (2) . However, their targets within stem cells remain unexplored.
PUF (Pumilio and FBF) proteins are mRNA regulators with a conserved role in stem cell maintenance (2) . These sequencespecific RNA-binding proteins are required to maintain Caenorhabditis elegans and Drosophila germline stem cells (GSCs) and planarian totipotent stem cells (neoblasts) (3) (4) (5) ; they have also been implicated in mammalian stem cell maintenance (6, 7) . In addition to their role in stem cell regulation, PUFs can also control embryonic polarity and neuronal functions (e.g., refs. [8] [9] [10] [11] . PUF proteins bind regulatory elements, typically in the 3′ untranslated region (3′UTR) of target mRNAs (2); they are best known as repressors, but they can also activate target mRNAs (2, 10, 12, 13) .
Putative PUF target mRNAs have been identified on a genomic scale in budding yeast, human HeLa cells, and fly ovaries and embryos (14) (15) (16) (17) . In these studies, PUF proteins were immunoprecipitated with bound mRNAs, and those RNAs were then used to probe microarrays, an approach dubbed RIP-Chip. PUF proteins emerge from these studies as broad-spectrum regulators that likely control 7-11% of an organism's genes. In addition, putative PUF targets often encode functionally related proteins (14) (15) (16) (17) . However, these previous studies were not focused on stem cells per se, and therefore PUF target mRNAs in stem cells are largely unknown.
Among the 12 C. elegans PUF proteins, FBF-1 and FBF-2 (fem-3 binding factor) stand out as essential for GSC self-renewal in older larvae and adults (4) . FBF-1 and FBF-2, collectively called FBF, are nearly identical and largely redundant (18, 19) . GSCs are located where FBF is enriched, and GSC self-renewal fails in fbf-1 (0) fbf-2(0) double mutants, which are sterile (20) . In addition to its role in germline self-renewal, FBF promotes the oocyte fate (18) and acts in neurons to modulate olfactory adaptation (10) . Other C. elegans PUF proteins control progression through meiotic prophase, gametogenesis, and early embryogenesis (21, 22) . Therefore, FBF is specialized in the adult germ line for GSC maintenance and germline sex determination.
To date, nine FBF targets have been identified using a candidate approach (Fig. S1 ); these target mRNAs encode proteins that promote entry into the meiotic cell cycle (e.g., gld-1) (4, 23-25), promote differentiation (e.g., MPK-1, the C. elegans ERK/MAPK; ERK, extracellular signal-regulated kinase; MAPK, mitogen-activated protein kinase) (26) (27) (28) , and promote self-renewal (e.g., FBF-1 and FBF-2 themselves) (19) . The FBF repression of differentiationpromoting mRNAs maintains GSCs in an undifferentiated state; its repression of self-renewal-promoting mRNAs may maintain a selfrenewal mode that can be overcome to begin the path toward differentiation.
Here we report the identification of FBF target mRNAs on a genome-wide scale. Briefly, FBF-mRNA complexes were purified from adult worm extracts, and microarrays were used to identify FBF-associated mRNAs. We focused on the germline tissue using a tagged FBF under control of a germline promoter. We identified >1000 unique mRNAs bound to FBF, and these mRNAs were enriched for a variety of developmental regulators. Comparison of putative FBF targets with putative PUF targets in other metazoans revealed 40 common targets, including wellestablished stem cell and differentiation regulators. Given the conserved role of PUF proteins in stem cells, we propose that the shared PUF targets may reveal part of a broadly used regulatory module for stem cell maintenance.
Results
Identification of FBF-Associated mRNAs in C. elegans. To identify FBF target mRNAs on a genome-wide scale, we purified FBF-mRNA complexes from worm extracts and probed microarrays with the associated mRNAs. For purification, we used an fbf-1-gfp transgene (henceforth, FBF-GFP) that contains the pie-1 promoter and the fbf-1 3′UTR, two regulatory sequences that together ensure appropriate germline expression (25, 26) . Abundant FBF-GFP is present in the distal germ line, similar to endogenous FBF protein (4, 19, 25) . FBF immunoprecipitations (IPs) were performed from extracts of synchronized adults, where fluorescent FBF-GFP was seen in the germ line but not in the soma. Importantly, FBF-GFP rescued fbf-1 (0) fbf-2(0) double mutants to 100% fertility (n = 48). Therefore, FBF-GFP is a functional protein and likely associates with the same germline mRNAs as endogenous FBF. To control for RNAs that nonspecifically coimmunoprecipitate with GFP, TUBULIN-GFP (henceforth, TUB-GFP) driven by the pie-1 promoter was processed in parallel. We used an immobilized anti-GFP antibody to immunoprecipitate the GFP fusions from extracts (Fig. 1A) ; RNAs in the IPs were then linearly amplified, labeled, and hybridized to C. elegans Affymetrix GeneChips (Materials and Methods and SI Materials and Methods). Four biological replicates were carried out.
To identify mRNAs reproducibly enriched in the FBF-GFP IP (henceforth, FBF IP), we analyzed the array data using significance analysis of microarrays (SAM; Fig. 1B) (29) . Briefly, SAM assigns a score to each probe set and estimates their false discovery rates (FDRs). SAM deemed 4722 probe sets as significantly enriched at an FDR of 2.25% or lower ( Fig. 1B; see Dataset S1 for the complete list). We designated all 4722 probe sets "FBF-associated" and used downstream analyses to identify the most likely FBF targets (see below).
We used real-time quantitative PCR (qPCR) to validate the enrichment of FBF IP mRNAs with a range of SAM score rankings, from the tenth (H20J04.6) to 1807th-most enriched mRNA (hmit-1.3) (Fig. 1C) . Indeed, both the positive control gld-1 as well as all test mRNAs were enriched in the FBF IP compared with the TUB IP, but the negative control rps-25 was not (Fig. 1C, red bars) . The FBF IP enrichment was not due to differences in starting samples because the mRNAs were present at similar levels in both FBF and TUB extracts (input) (Fig. 1C , gray bars). We conclude that the array results represent enrichment of specific mRNAs in the FBF IP.
All previously identified FBF target mRNAs were among the 4722 FBF-associated probe sets, and most had highly ranked SAM scores (Fig. 1B) . Four known FBF targets were in the top 332 probe sets, and all but two, fbf-2 and egl-4, were in the top 1693. The low fbf-2 rank is likely due to the FBF IP strain being homozygous for an fbf-2 nonsense mutation; nonsense mRNAs are often degraded by nonsense-mediated mRNA decay (30) . Whereas egl-4 is known as an FBF target only in neurons (10), egl-4 mRNA is present in germ lines according to a database of C. elegans mRNA in situ hybridizations (NEXTDB; http://nematode.lab.nig.ac.jp). In addition, two candidate target mRNAs that FBF binds directly in vitro, fog-3 and lin-3 (31, 32), had SAM scores in the top 122 probe sets (Dataset S1). We conclude that all previously identified FBF targets were enriched in the FBF IP, and that most fell among the top 1693 probe sets.
Next, we asked whether FBF-associated mRNAs contained FBF binding elements (FBEs) in their 3′UTRs. The FBE consensus is UGUDHHAU, where D is A, U, or G and H is A, U, or C (33). Indeed, mRNAs containing FBEs were significantly enriched among FBF-associated probe sets: 49% of 4722 FBF-associated probe sets corresponded to an mRNA with ≥1 FBE in the 3′UTR, versus only 30% for all C. elegans genes (P < 10 −100 ; Fig. 1D ). To ask whether FBEs were preferentially associated with higherscoring mRNAs, we divided our list into 15 bins based on their SAM score and determined the percentage of FBE-containing transcripts in each bin (Fig. 1D ). The first bin had >85% FBEcontaining mRNAs, and this percentage decreased in successive bins. The highly ranked probe sets were also highly enriched for mRNAs with multiple FBEs (Fig. S2 ). These percentages are likely an underestimate of those mRNAs with FBF binding sites, because PUFs can bind elements in mRNA-coding regions (34) , which were excluded in our analysis, and because FBF can bind a distinct element with an unknown consensus (10) .
The dramatic enrichment among the highest-scoring probe sets, both for known FBF target mRNAs and for FBE-containing mRNAs, suggested that the highest-scoring probe sets likely represent direct FBF targets. For further analyses, we used a cutoff at gld-3S, a known FBF target and the 1693rd top probe set. These 1693 probe sets collapse into 1350 unique, unambiguous genes, representing ∼7% of all C. elegans protein-coding genes. They contain seven of eight validated germline FBF targets (Fig. 1B) and a high percentage of FBE-containing transcripts (67%) (Fig.  1D ). Although these 1350 mRNAs are unverified FBF targets, we refer to them as FBF target mRNAs for simplicity.
One caveat to the RIP-Chip approach is that RNA-binding proteins (RBPs) and mRNAs can reassort in vitro, and purified RBP-RNA complexes may not represent actual in vivo interactions (35) . We reasoned that if reassortment had occurred, then the most abundant mRNAs, especially those with FBEs, would appear as (27, 28) . All 58 known components of the C. elegans MAP kinase signaling pathway were represented on the array (28, 41, 42) , and 15 (26%) were FBF targets, including three core components: lin-45/RAF, ksr-2, and the previously identified FBF target mpk-1/MAPK (26, 28) .
Another key developmental process is programmed cell death. Of 28 core components of the programmed cell death pathway represented on the arrays (43), 9 (32%) were FBF targets (Dataset S4). These include egl-1 and ced-4, two genes required for cell death (44, 45) .
We also found other critical developmental regulators among FBF targets, including regulators of sperm and oocyte fates (e.g., rnp-8) (46), small RNAs (e.g., prg-1/PIWI) (47), aging (e.g., daf-16/FOXO) (48) , and the mitotic cell cycle (e.g., cdk-1) (49), which are all included in Dataset S4 and Dataset S5. Coupled with the broader gene ontology analyses (see above), these more directed searches suggest that FBF controls a broad network of key cellular and developmental regulators.
Shared PUF Targets from Diverse Organisms. We considered the idea that common PUF target mRNAs might reflect ancient PUF functions. First, we demonstrated that FBF targets were enriched for conserved genes ( Fig. 2A, upper pie charts) . Whereas only ∼32% of all C. elegans protein-coding genes were conserved in the human genome, ∼56% of FBF targets were conserved (P < 10 −50 ; Fig. 2A , upper pie charts). We then compared the lists of putative targets for nematode FBF, Drosophila Pumilio, and both human PUM1 and PUM2 (15) (16) (17) . Numerous mRNAs were shared (Dataset S6), and the overlap between FBF and human PUM target datasets was significant. Fig. 2A (lower pie charts) compares FBF and one dataset of human PUM1 targets (16): among all C. elegans genes conserved in humans, ∼16% were orthologous to a PUM1 target, but among all FBF targets conserved in humans, ∼23% were orthologous to a PUM1 target. A similar enrichment was consistent for all three human PUM datasets. Others have reported a significant overlap between Drosophila and human PUF targets (P < 0.04) (17) . Our data extend this result to nematode FBF and human PUMs, and suggest that certain PUF target mRNAs have been broadly conserved. At least 40 PUF targets are shared among C. elegans, Drosophila, and humans (summary in Table 2 and complete list in Table  S1 ). These shared PUF targets include cell-signaling components, endocytic regulators, and cyclins. The signaling pathways found among the 40 common PUF targets (Ras/MAPK, PI3K/Akt, NF-κB, and Notch) are all critical for stem cell regulation (50) . We suggest that the 40 common PUF targets represent part of a broadly conserved regulatory module for stem cell control (Discussion). Not included among the list of 40 are the fbf and pum mRNAs themselves. Yet FBF controls fbf-1 and fbf-2 (19) , and the pumilio and pum mRNAs IP with fly and human PUF proteins, respectively (15) (16) (17) . This omission reflects the stringency of the program used to identify orthologs, and shows that 40 is likely an underestimate of common PUF targets.
Discussion
FBF Is a Broad-Spectrum Gene Regulator. This work identifies 1,350 likely direct targets of C. elegans FBF, an RNA-binding protein with a conserved role in stem cell maintenance (see the Introduction). We reason that most are bona fide FBF target mRNAs, because they include previously validated FBF targets and are strongly enriched for 3′UTRs with consensus FBEs. Moreover, the 1350 are not enriched for the most abundant FBE-containing mRNAs.
The FBF target mRNAs represent ∼7% of the C. elegans proteincoding genes, and PUF proteins in humans and Drosophila likely control a similar proportion (7-11%) of their respective transcriptomes (15) (16) (17) . Such broad-spectrum gene regulators are a common mechanism of stem cell control. For example, the transcription factors Oct4, Sox2, and Nanog control ES pluripotency and individually occupy the promoters of 3-9% of all protein-coding genes (1, 51) . The Polycomb group (PcG) chromatin factors are also important for ES pluripotency, and PcG subunit SUZ12 localizes to ∼8% of all genes in ES cells (52) (53) (54) (55) . An appealing idea is that broad-spectrum DNA and RNA regulators complement each other to ensure that stem cells are maintained in an undifferentiated state. However, this idea awaits the genomic analysis of DNA and RNA regulators in the same type of stem cells.
Implications of FBF Targets for a GSC Program. FBF target mRNAs are enriched for regulators of developmental and cellular pathways, including the meiotic cell cycle, intercellular signaling, programmed cell death, and intracellular trafficking. We suggest that these functions require tight control in totipotent or pluripotent stem cells (Fig. 2B) . Interestingly, these broad functions only partially overlap with those of putative targets for key ES cell transcriptional regulators. For example, putative SUZ12 targets, like FBF targets, are enriched for developmental regulators, but, unlike FBF targets, they are not enriched for trafficking proteins (55) . PUF targets in humans and Drosophila are enriched for genes related to trafficking as well (15) (16) (17) . Therefore, PUF targets may include stem cell factors previously overlooked in analyses of transcriptional regulators.
Control of meiosis-promoting genes is likely to be key for GSC maintenance. Previous work showed that FBF represses two key regulators of entry into the meiotic cell cycle (gld-1 and gld-3) (4, 56, 57). Here we find that FBF also likely controls an additional key regulator of meiotic entry (gld-2) plus numerous components of the machinery driving meiosis-specific events (e.g., homologous recombination). These additional targets confirm the role of FBF as a key regulator of meiotic entry and extend its role to the meiotic program more broadly.
How are the 1350 mRNAs controlled? FBF can repress (e.g., gld-1) or activate (e.g., egl-4) target mRNA expression (e.g., refs. 4, 10). Therefore, conclusions about how FBF controls specific mRNAs must be anchored in genetic and biochemical analyses of their expression. Nonetheless, the simple view that FBF lowers expression is true for most germline mRNAs analyzed to date and is likely to be the primary role for FBF in stem cell control (20) . A key task for the future is to find which FBF targets among the 1350 affect stem cell maintenance and how the modes of FBF activation or repression feed into stem cell control.
Common PUF Targets May Reflect Conserved Stem Cell Control. C. elegans, Drosophila, and human putative PUF targets include 40 common mRNAs (Table 2) . Previous studies reported an overlap between PUF targets in Drosophila and humans, but downplayed its significance, probably because the overlap was not dramatic (16, 17) . Here we argue that these shared targets are likely important, because the overlap is significant and consistent between independent datasets.
The first indication that conserved PUF targets may be important for stem cell control emerged from studies of ERK/ MAPK homologs in C. elegans and human ES cells (26) . Our analysis reveals additional conserved PUF target mRNAs that encode proteins affecting stem cells, including components of Ras/MAP kinase, NF-κB, Notch, and PI3/Akt signaling pathways. MAPK signaling inhibits self-renewal of mouse ES cells and promotes differentiation (58) , and NF-κB signaling seems to have a similar function (59) . Notch signaling controls cell-fate choices in human ES cells (60) and promotes survival of neural stem cells (61, 62) . PI3/Akt signaling has been linked to both ES cell and hematopoietic stem cell controls (63, 64) . Indeed, the PUF control of Ras/MAPK signaling to maintain cells in an undifferentiated state is particularly well conserved: Yeast PUF5, also known as Mtp5, represses the Ras/MAPK signaling component Ste7/MAPKK to inhibit filamentous differentiation (65) . We (16); the FBF targets are significantly enriched compared with all C. elegans human orthologs (asterisk). P value was calculated using the hypergeometric distribution. (B) FBF is a broad-spectrum regulator that controls stem cell totipotency. FBF is required for germline stem cells and likely controls ∼7% of the genome. Its best-known role is as a repressor, which is shown here, but we note that FBF can also activate mRNAs (see text). We suggest that FBF modulates the expression of many developmentally critical genes and that this action may provide a molecular solution for totipotency.
propose that PUF proteins and their shared target pathways represent a broadly conserved gene regulatory module that is central to maintenance of cells in an undifferentiated state.
Perspectives. Understanding stem cell controls is integral to the development of stem-cell-based therapies. Here we identify likely mRNA targets of the conserved stem cell regulator FBF, some of which are shared with PUF proteins in other organisms. Because PUF proteins function posttranscriptionally, FBF targets could contain key stem cell genes overlooked by analyses of transcriptional regulators. Therefore, this work may serve as a database for potential regulators that are broadly important for stem cell control.
Materials and Methods
Nematode Strains. Strains JK4091, fbf-1(ok91) fbf-2(q738); axIs1459[unc-119(+) P pie-1 ::gfp::fbf-1+3′UTR] (26), and AZ244, unc-119(ed3); ruIs57[unc-119(+) P pie-1 :: gfp::tubulin] (66), were maintained at 20°C.
Immunoprecipitations. IPs were done as described (15) , with minor modifications to accommodate C. elegans and our specific reagents (SI Materials and Methods).
Western Analysis. Western blots were probed with either mouse primary antibodies against GFP (JL-8; Clontech; 1:1,000 dilution) or actin (C4; MP Biomedicals; 1:40,000 dilution) followed by donkey HRP-conjugated antimouse secondary antibodies (Jackson ImmunoResearch; 1:40,000 dilution).
Microarrays and Statistical Analyses. Microarrays were carried out by the University of Wisconsin-Madison Gene Expression Center. IP RNA was linearly amplified, labeled, and used to probe C. elegans Affymetrix GeneChips following standard procedures (SI Materials and Methods). Array data were extracted, normalized, and analyzed by standard procedures (SI Materials and Methods).
Real-Time Quantitative PCR. qPCR was carried out by standard procedures (SI Materials and Methods).
Bioinformatics. C. elegans 3′UTR sequences and ortholog assignments were obtained from BioMart (http://www.biomart.org). SAGE data were obtained from the Genome Sciences Centre C. elegans Gene Expression Consortium (http://elegans.bcgsc.bc.ca). Gene ontology (GO) analysis was carried out using the DAVID Bioinformatics Database (http://david.abcc.ncifcrf.gov) (67, 68) . See SI Materials and Methods for database release information.
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